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NanocompositeAbstract C/ZnO/CdS nanocomposite was synthesized using the microemulsion method.
Nanocomposite synthesized in the present work was characterized using X-ray diffractometer
(XRD), scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX) transmission
electron microscope (TEM), diffuse reﬂectance and photoluminescence (PL) spectroscopy. TEM
study shows that CdS nanoparticles are successfully anchored on the surface of C doped ZnO
nanorods. UV–visible spectrum of C/ZnO/CdS nanocomposite shows a red shift. CdS nanoparticles
work as photo sensitizers to expand the photo-response of C doped ZnO to the visible region.
Photoluminescence (PL) spectroscopy reveals evidence for interaction between C/ZnO and CdS.
PL quenching observed for C/ZnO/CdS nanocomposite is attributed to improved charge separation
properties, which increases its photocatalytic efﬁciency. C/ZnO/CdS nanocomposite exhibits
exceptionally high photocatalytic activity for degradation of 4-chlorophenol (CP) via Z-scheme
mechanism. C/ZnO/CdS nanocomposite is a highly stable and reusable photocatalyst.
ª 2015 King Saud University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Phenolic compounds are toxic, hazardous, and common
pollutants in industrial waste water that originates from coal
conversion and petroleum reﬁning industries [1,2].Chlorophenols (CPs) are used as herbicides, pesticides and
wood preservatives. Among the CPs, 4-chlorophenol (4-CP)
is used in the production of dyes, pesticides and drugs. CP’s
are most vulnerable water pollutants, which cause serious
damage to the vital organs of human beings. Hence the
removal of CP from the waste water is very essential.
Heterogeneous semiconductor photocatalysis is a promising
solution/alternative for the degradation of organic pollutants
from water [3–6]. Photocatalysis is based on the principle that
when a semiconductor is exposed to a light source with
appropriate wavelength, the electrons from the valence band
are promoted to the conduction band leaving positive holes
in the valence band. The generated electron–hole pair moves
to the semiconductor surface and reacts with organic
472 A.B. Lavand, Y.S. Malghepollutants degrading them into non hazardous by-products.
Titanium dioxide (TiO2) based photocatalysts have been the
most widely studied materials in the ﬁeld of photocatalysis
[7–10]. Besides TiO2, ZnO has been intensively studied due
to its photosensitivity, nontoxic nature, abundant availability,
and low cost [11,12]. ZnO has several advantages compared to
TiO2. It absorbs a large portion of the UV spectrum and more
light quanta [13,14]. However, ZnO is a wide band gap (3.3 eV)
semiconductor, which means it can be activated only in UV
light. The solar spectrum consists of 4% UV and 42% visible
light. Various strategies have been adopted to extend the
spectral response of ZnO to visible light, it includes doping
with transition metals, surface modiﬁcation, semiconductor
coupling etc. [15–18]. CdS is a very important II–VI semicon-
ductor with a band gap of 2.42 eV [19]. CdS is considered to be
the most suitable visible light sensitizer for ZnO because the
lattice structure of CdS is similar to that of ZnO, which could
help to build a close interaction between the two semiconduc-
tors. Spanhel et al. reported [20] that photoexcited electron
transfer efﬁciency from CdS to ZnO is much less than that
from CdS to TiO2. Also, ZnO/CdS heterostructure is widely
used in PN junction solar cells due to its excellent carrier
transport at the interface [21]. It is reported that doping of
non-metals such as C, N and S into the ZnO lattice creates
an intermediate energy level just above the valence band of
ZnO and decreases the band gap [22,23]. Among this C doping
is reported to be very efﬁcient for visible light induced photo-
catalysis. C doping promotes the separation of photoelectrons
and holes by channelizing the photo excited electrons to
nanosized C on the surface of the catalyst, thereby reducing
the rate of recombination [24]. Therefore, in the present work
we report the synthesis of C/ZnO/CdS nanocomposite. Also,
the visible light photocatalytic activity of the synthesized
nanocomposite was investigated for degradation of 4-CP. In
this work C/ZnO/CdS nanocomposite was synthesized using
the microemulsion method. The major advantages of this
method are low reaction temperature, short processing time,
and control of morphology, the attractive effect of preventing
agglomeration in the nanoparticles formed and nanoparticles
prepared is homogeneous [25,26].
2. Materials and methods
2.1. Materials
4-Chlorophenol (4-CP) was procured from SD Fine
Chemicals, Mumbai and used without any further
puriﬁcation. Cyclohexane, n-butanol, N,N,N-cetyl trimethyl
ammonium bromide (CTAB), acetone, cadmium nitrate
(Cd(NO3)2Æ4H2O), zinc nitrate ((Zn(NO3)3Æ6H2O), sodium
sulﬁde ﬂakes (Na2S), sodium hydroxide (NaOH) and ethanol
are of AR grade, procured from SD Fine Chemicals,
Mumbai and used without further puriﬁcation.
2.2. Preparation of catalyst
2.2.1. Preparation of C/ZnO/CdS nanocomposite
14.4 mL of zinc nitrate, 2.95 g CTAB, 4 mL n-butanol and
17.6 mL cyclohexane were added in a beaker and solution
was stirred for 30 min. To this solution, 14.4 mL of 0.5 Mcadmium nitrate was added slowly with constant stirring. In
another beaker 14.4 mL of 2 M sodium hydroxide, 2.95 g
CTAB, 4 mL n-butanol, 17.6 mL cyclohexane and 14.4 mL
0.5 M sodium sulﬁde were taken and the mixture was stirred
for 30 min. Both the solutions were mixed with each other with
constant stirring. The resultant mixture was transferred to a
250 mL Teﬂon-lined stainless steel autoclave, followed by
heating at 150 C for 1 h. The residue formed was separated
by centrifugation, washed with distilled water followed by
ethanol and ﬁnally with acetone, then dried in an oven at
40 C. The product thus formed was used as a precursor.
The precursor was calcined in air at 300 C for 2 h to get a
C/ZnO/CdS composite. ZnO/CdS nanocomposite was
obtained by heating the precursor at 500 C for 2 h.
2.2.2. Preparation of CdS nanoparticles
In a typical procedure, 50 mL of 1 M Cadmium nitrate, 25 mL
distilled water, 25 mL ethanol and 0.34 g CTAB were mixed in
a beaker. To this solution 50 mL of 1 M Na2S, 25 mL ethanol
and 25 mL distilled water were added with vigorous stirring.
Following this 20 mL of 2 M NaOH was added with vigorous
stirring which gives a light yellow precipitate. This mixture was
transferred to a 250 mL Teﬂon-lined stainless steel autoclave,
followed by heating at 100 C for 2 h. Following this, it was
cooled to room temperature and the residue obtained was sep-
arated by centrifugation, washed several times with distilled
water, ethanol and ﬁnally with acetone, then dried in oven at
40 C, to get the ﬁnal product.
2.2.3. Preparation of pure and C doped ZnO
Pure and C doped ZnO was prepared using the procedure
reported in our previous work [22]. 1 M solution of zinc nitrate
was prepared by dissolving 29.74 g Zn(NO3)2Æ6H2O in 100 mL
distilled water. 2 M sodium hydroxide solution was prepared
by dissolving 8 g of NaOH in 100 mL of distilled water. To
28.8 mL of 1 M zinc nitrate, 35.5 mL cyclohexane, 8 mL buta-
nol and 5.90 g CTAB were added. In another solution 28.8 mL
of 2 M NaOH, 35.5 mL cyclohexane, 8 mL butanol and 5.90 g
CTAB were mixed. Both these solutions were stirred
continuously with the help of a magnetic stirrer to form clear
solutions. These clear solutions were mixed with each other.
The mixture was transferred to a 250 mL Teﬂon lined
autoclave and heated in an oven at 150 C for 1 h. After 1 h
the autoclave was cooled to room temperature. Solid product
formed was separated by ﬁltration, washed with distilled water
followed by ethanol and ﬁnally with acetone and dried in an
oven at 60 C. The precursor thus formed was calcined at
different temperatures to yield C doped and pure ZnO.
2.3. Characterization
X-ray diffraction (XRD) patterns of the product obtained in
the present work were recorded using an X-ray diffractometer
(Rigaku; model Miniﬂex-II) with monochromatic Cu K-a
radiation (k= 1.54178 A˚). Surface morphology, size and shape
of the samples were examined using ﬁeld emission scanning
electron microscope (FE-SEM) (JEOL; model JSM-6360A
and ZEISS; model Ultra-55) and transmission electron
microscope (Philips; model CM200). Optical properties
were measured using a Shimadzu UV–vis spectrophotometer
Figure 1 XRD patterns of (a) pure CdS (b) C doped ZnO and (c)
C/ZnO/CdS nanocomposite.
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Chemical composition was obtained from EDX analysis.
Band gap energy was calculated from diffuse reﬂectance spectra
using Kubelka–Munk equation.
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ples were recorded at room temperature using Fluorescence
spectrophotometer (Perkin Elmer-LS-55) with an excitation
wavelength of 325 nm.
2.4. Photocatalytic activity study
Photocatalytic activities of the nanocomposite synthesized in
the present work were evaluated for the degradation of 4-
CP. Reaction suspension was prepared by adding 0.05 g of
photocatalyst in 100 mL, 10 ppm 4-CP solution. This aqueous
suspension was stirred in the dark for 30 min to attain adsorp-
tion–desorption equilibrium. Later, the solution was irradiated
with visible light. Visible light irradiation was carried out in a
photo reactor using a compact ﬂuorescent lamp (65 W,
k> 420 nm, Philips). Intensity of the light reaching the test
solution is 42 W/m2. Temperature of the test solution was
maintained constant throughout the experiment by circulating
water around the solution. The amount of 4-CP was moni-
tored by sampling out 5 mL of aliquot solution at regular time
intervals. The catalyst was ﬁrst separated by centrifugation
and the concentration of 4-CP in the supernatant solution
was estimated using UV–visible spectrum recorded in the
wavelength range of 200–800 nm. Concentration of 4-CP in
the test solution during the photocatalytic degradation process
was also evaluated using the HPLC technique. For this study
HPLC (HPLC; 1200, Agilent) equipped with a Zorbax C-18
column (250 mm · 4.6 mm · 5 lm) with a diode array detector
was used. Mobile phase used to record the chromatogram is a
mixture of water and methanol solution in a ratio of 50:50
(v/v). Injection volume of the sample used and ﬂow rate of
mobile phase are 20 lL and 1.0 mLmin1 respectively.
3. Results and discussion
3.1. XRD study
XRD patterns of CdS, C doped ZnO and C/ZnO/CdS
nanocomposite are presented in Fig. 1. X-ray diffraction pat-
tern of CdS (Fig. 1a) shows peaks at 2h equal to 26.89,
44.122 and 52.19 which correspond to (111), (220) and
(311) crystal planes of face-centered cubic (fcc) CdS (JCPDS
card No. 75-0581). Broadening of these peaks indicates that
CdS prepared in this work has small particle size. Fig. 1b
shows the XRD pattern of ZnO obtained at 300 C. Peaks at
31.80, 34.44, 36.28, 47.46, 56.65, 62.86, 66.46, 67.98, 69.04,
72.64 and 77.0 correspond to (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (2 02) crystal
planes of ZnO respectively which reveals that the ZnO sample
has a hexagonal wurtzite structure (JCPDS card No. 36-1451).
Fig. 1c represents XRD pattern of C/ZnO/CdS nanocompos-
ite. This pattern shows the presence of two sets of diffraction
peaks corresponding to ZnO as well as the CdS phase indicat-
ing the formation of ZnO/CdS composite. No other impurity
phases are present. XRD pattern shows that, the (111) peak
of CdS shifts from 26.89 to 26.51, (220) peak shifts from
44.12 to 43.84 and the (311) peak shifts from 52.19 to
51.94. It also shows that the intensity of ZnO peaks decreases
with CdS coupling. Average crystallite size of CdS and ZnO
nanoparticles was calculated using Debye–Scherrer equation
and is found to be 8 and 26 nm respectively.3.2. EDX study
Fig. S1 shows EDX spectra recorded for CdS, ZnO, C doped
ZnO and C/ZnO/CdS nanocomposite. EDX spectra of
C/ZnO/CdS composite (Fig. S1d) reveal the existence of Zn,
Cd, C, O and S elements, which indicates the formation of
CdS nanoparticles on the surface of C doped ZnO nanorods.
Amounts of different elements present in the photocatalyst
were estimated from EDX spectra and are presented in
Table 1.
3.3. SEM study
FE-SEM images of CdS, C doped ZnO and C/ZnO/CdS
nanocomposite are shown in Fig. 2. Fig. 2a shows that the
CdS particles are spherical in shape having a particle size
which varies between 6 and 10 nm. C doped ZnO prepared
Figure 2 SEM images of (a) pure CdS, (b) C doped ZnO and (c) C/ZnO/CdS nanocomposite.
Figure 3 TEM images of (a) pure CdS, (b) C doped ZnO, (c) and (d) C/ZnO/CdS nanocomposite.
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that the C/ZnO/CdS nanocomposite consists of a mixture of
ﬂakes (C/ZnO) and spherical particles (CdS).3.4. TEM study
Fig. 3a represents the TEM image of CdS powder. It indicates
that CdS particles are spherical in shape with an averageparticle size 9 nm. It also shows that CdS nanoparticles are
well dispersed. Fig. 3b indicates that C doped ZnO prepared
at 300 C is having a rod like structure with diameter and
length varying between 20 and 30 and 150–400 nm respec-
tively. It shows that ZnO nanorods are encapsulated by an
amorphous C layer. Fig. 3candd represents TEM images of
the C/ZnO/CdS nanocomposite. It shows that CdS nanoparti-
cles are successfully deposited on the surface of C doped ZnO
nanorods. The length of the C doped ZnO nanorods decreased
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of CdS nanoparticles on its surface. Inset selected electron
diffraction (SAED) patterns show the crystalline nature of
the samples.
3.5. UV–visible absorption study
Fig. S2 illustrates the UV–visible absorption spectra of pure
ZnO, CdS, C doped ZnO and C/ZnO/CdS. Pure ZnO obtained
at 500 C is a white colored powder having an absorption cut-
off edge at 402 nm, corresponding to a band gap of 3.08 eV.
Black gray color C doped ZnO sample obtained after heating
the ZnO precursor at 300 C gives an absorption edge at
460 nm, having a band gap of 2.69 nm. This shows that
C-doped ZnO exhibits a red shift and extends the absorption
edge from UV to visible region. This ﬁgure shows that pale yel-
low colored CdS nano powder exhibits a band edge at 540 nm
(2.29 eV), which is consistent with the band gap of the cubic
CdS phase. Band edge for C/ZnO/CdS is observed at 508 nm
(2.42 eV), which indicates the ability of these nanocomposites
to harvest visible light from solar radiation. These results show
that CdS loading effectively increases the photoabsorption
capacity of C doped ZnO nanorods in the visible region.
3.6. Diffuse reﬂectance spectroscopic study
Diffuse reﬂectance spectra of pure ZnO, CdS, C doped ZnO
and C/ZnO/CdS were recorded and are presented in Fig. 4.
From these spectra optical band-gap energy (Eg) was calcu-
lated using Kubelka–Munk equation




where, R1 is the diffuse reﬂectance of the examined samples
R1= Rsample/Rstandard and F(R1) is called the remission or
Kubelka–Munk function [27]. The band gap is obtained using
the equation:Figure 4 Diffuse reﬂectance spectra of CdS, pure ZnO, C doped
ZnO and C/ZnO/CdS nanocomposite. The inset shows plot of
(F(R)Æhv)2 versus hv (using Kubelka–Munk method).ðFðR1Þ  hmÞ2 ¼ Aðhm EgÞ ð2Þ
The variation of (F(R1)Æhv)
2 versus hv was plotted and the
straight line range of these plots is extended on the x-axis (hv)
to obtain the values of optical band gap (Eg). Band gap ener-
gies of all the samples were estimated using the plot of
(F(R1)Æhv)
2 versus photon energy (hv) (Kubelka–Munk equa-
tion) and are presented in Table 1. Band gap energies of pure
and C doped ZnO, pure CdS and C/ZnO/CdS are 3.08, 2.47,
1.98 and 2.20 eV, respectively.
3.7. Photoluminescence (PL) study
Room temperature PL spectra of pure ZnO, CdS, ZnO/CdS, C
doped ZnO and C/ZnO/CdS nanocomposite were recorded
and are shown in Fig. 5. Pure ZnO exhibits emission bands
at 405, 430, 460, and 485 nm and the observed spectrum is in
good agreement with PL results of ZnO reported in the litera-
ture [28,29]. Emission centered at 405 nm is attributed to exci-
tonic recombination corresponding to the near band edge
emission of ZnO [30]. The emission in the blue region at about
430 nm is associated with the electronic transition between the
excitonic level and interstitial oxygen (Oi). The emission in the
blue-green region at 460 nm is attributed to the electron tran-
sition between a shallow donor (Zni) and a deep acceptor. The
emission band in the green region (485 nm) is attributed to sto-
ichiometry related defects and these are generally attributed to
zinc vacancies as well as interstitial zinc and structural defects
[28,31]. Pure CdS shows a broad emission band between 500
and 620 nm which is ascribed to surface defects associated with
the cadmium and sulfur vacancies [32]. PL spectra of the
ZnO/CdS nanocomposite show luminescence at 535 nm. The
emission bands in the ZnO/CdS heteronano-structures are
attributed to the various transitions: (i) from conduction band
to deep acceptor levels (Oi or OZn), (ii) from deep donor levels
(VOZni) to the valence band, and (iii) from shallow donor
levels (Zni) to shallow acceptor levels (VZn and Oi) [33]. The
emission intensity related to defect states in the visible region
in the ZnO/CdS composite is relatively lower compared to that
in pure ZnO. In the ZnO/CdS nanocomposite, CdS nanoparti-
cles act as a sulfur dopant, which reduces the defect emission
from the surface of ZnO nanorods [27]. In the case of
ZnO/CdS heteronanostructures, the emission maximumFigure 5 Photoluminescence spectra of pure ZnO, CdS,
ZnO/CdS, C doped ZnO and C/ZnO/CdS heteronanostructures.
Figure 6 (a) UV–visible spectra of 4-CP solution irradiated with visible light at different time intervals in the presence of the C/ZnO/CdS
nanocomposite, (b) HPLC chromatograms of 4-CP solution irradiated with visible light at different time intervals in the presence of the
C/ZnO/CdS photocatalyst, (c) visible light photocatalytic degradation of 4-CP in the presence of different catalysts and (d) reuse of the
photocatalyst.
476 A.B. Lavand, Y.S. Malghe(530 nm) is blue, shifted by about 36 nm compared to pure
CdS nanoparticles (566 nm). This is the evidence for electron
transfer from CdS to ZnO on excitation. It is observed from
Fig. 5 that PL intensity of C doped ZnO is much lower as com-
pared to that of pure ZnO. It can be seen that the C/ZnO/CdS
nanocomposite gives lower intensity PL peak as compared to
ZnO, C doped ZnO and ZnO/CdS composite, which is attrib-
uted to its higher photocatalytic activity. This is because, lower
the excitonic PL intensity, stronger the capacity of dopants to
capture photo-induced electrons, higher the separation rate of
photoinduced electrons and holes, and higher the photocat-
alytic activity. Photoluminescence effect, is present as the
result of direct radiative recombination, lower recombinationof generated carriers causes the decrease of light emission
intensity. However, this process simultaneously increases the
photocatalytic activity of the semiconductors [34,35].3.8. Photocatalytic activity study
Visible light photocatalytic degradation of 4-CP was studied in
the presence of nanosized pure ZnO, CdS, C doped ZnO and
C/ZnO/CdS photocatalyst. Representative UV visible spectra
of aqueous solution of 4-CP irradiated with visible light at dif-
ferent time intervals in the presence of C/ZnO/CdS nanocom-
posite (prepared at 300 C) were recorded and are presented in
Figure 7 Proposed Z-scheme mechanism for the degradation of
4-CP in the presence of C/ZnO/CdS nanocomposite.
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280 nm. As irradiation time increased the peak maxima at both
these wavelengths decreases due to the photocatalytic degrada-
tion of 4-CP. The study indicates 98% TCP is degraded in
120 min.
The amount of 4-CP in the test solution during the photo-
catalytic degradation process was also evaluated using the
HPLC technique. HPLC chromatograms of test solution irra-
diated at different time intervals in the presence of C/ZnO/CdS
nanocomposite were recorded and are presented in Fig. 6b.
The chromatogram of the standard solution gives a peak at
retention time of 12.74 min, which is characteristic of 4-CP.
As irradiation time increased the intensity of the peak at
12.74 min decreases, indicating degradation of 4-CP and
98% mineralization occurred in 120 min. It is known that
4-CP degradation leads to the formation of a mixture of
byproducts such as benzoquinone and hydroquinone which
further reacts with hydroxyl radicals and forms CO2 and H2O.
Fig. 6c shows the photocatalytic activity of pure ZnO,
CdS, C doped ZnO, C/ZnO/CdS and ZnO/CdS nanocompos-
ite for the degradation of 4-CP solution under visible light
irradiation. It shows that C/ZnO/CdS nanocomposite exhibits
better photocatalytic activity as compared to other photocata-
lysts. The enhanced photocatalytic activity is due to effective
CdS loading on C doped ZnO nanorods and increase in
photoabsorption capacity in the visible region.
C/ZnO/CdS nanocomposite prepared at 300 C exhibits
better photocatalytic activity therefore its stability was studied.
Stability tests were performed by repeating the reaction four
times using the recovered photocatalyst and the data obtained
are presented in Fig. 6d. This ﬁgure reveals that there is no
noticeable decrease in photocatalytic activity up to the fourth
cycle. It indicates that C/ZnO/CdS nanocomposite prepared in
the present work is a highly stable and reusable photocatalyst.
3.9. Degradation mechanism
Photocatalysis is a process in which the reaction occurs when
the semiconductor interacts with light of sufﬁcient energy to
produce reactive oxidizing species (ROS), which in turn give
rise to photocatalytic transformation of organic pollutants.
In this process reactive oxidizing species were produced via
two simultaneous reactions. In the ﬁrst, photogenerated holes
oxidize dissociative adsorbed H2O and in second reduction ofthe electron acceptor takes place by photoexcited electrons.
Typically, the reactive photogenerated holes react with
adsorbed OH on the catalyst surface to form hydroxyl
(OH) radicals and in the second reaction the excited electrons
in the conduction band move to the surface and further
transfer to surface-adsorbed oxygen producing superoxide
anion radicals (O2
), which then react with H2O to produce
OH radicals which are known to be the most powerful oxidiz-
ing species [23,24]. These two simultaneous reactions produce
hydroxyl and superoxide radical anions respectively. 4-CP
decomposes by reaction with OH and O2
 reactive ions. The
possible Z-scheme mechanism [36] is presented in Fig. 7. C
doping can effectively decrease the band gap of ZnO by
forming the energy level just above the valence band of ZnO
and also creates oxygen vacancies. If a system is irradiated
with visible light, photoexcited electrons in the higher conduc-
tion band minimum (CBM) of CdS transfers to the lower
CBM of ZnO. This results in lowering of reduction power of
transferred electrons. Some of the photoexcited electrons in
the ZnO semiconductor with a lower CBM could combine with
holes in the higher VBM of CdS. More powerful excited elec-
trons and holes can be retained on both counterparts, which
are responsible for the formation of highly reactive superoxide
radical anion (O2
) and hydroxyl radicals (OH). These highly
oxidative species effectively decompose the organic substrate
into H2O and CO2. C/ZnO/CdS heterostructure coupling on
photocatalytic degradation of 4-CP by Z-scheme, shows a
threefold increase in photocatalytic activity, due to charge
separation and efﬁcient interfacial charge transfer [17].
4. Conclusions
In summary, we have prepared the C/ZnO/CdS nanocompos-
ite using the microemulsion method. XRD patterns of the
composite conﬁrmed the presence of cubic CdS and wurtzite
ZnO phases. Band gap study reveals that C/ZnO/CdS coupling
shows enhanced visible light photo absorption capacity i.e. red
shift in the visible region. PL study shows quenching of PL
intensity and the synergistic interaction between C doped
ZnO and CdS in the C/ZnO/CdS heteronanostructures.
C/ZnO/CdS nanocomposite exhibits better visible light photo-
catalytic activity for degradation of 4-CP as compared to bare
as well as C doped ZnO. The higher photocatalytic activity of
C/ZnO/CdS nanocomposite is attributed to the efﬁcient charge
separation and also the synergistic interaction between C/ZnO
and CdS. C/ZnO/CdS nanocomposite prepared in the present
work is a highly stable and reusable photocatalyst.
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